The pattern of atrioventricular (AV) nodal activation in isolated rabbit hearts was studied by recording transmembrane action potentials in about 200 AV nodal fibers per heart. A brush electrode consisting of ten microelectrodes was used. Both antegrade and retrograde spread of excitation were mapped: retrograde conduction was not an exact mirror image of antegrade conduction. The major input during antegrade conduction was from the crista terminalis, but the major output during retrograde conduction was through the interatrial septum. Some parts of the AV node were excited without directly participating in either antegrade or retrograde transmission of the impulse. Simultaneous pacing of the atrium and the His bundle generated antegrade and retrograde wave fronts which collided at different levels of the AV node. In this way, cells which transmitted the impulse in both directions were distinguished from those which did not (dead-end pathways). Two types of dead-end pathways were found: type A probably consisted of superficial atrial fibers terminating in the base of the tricuspid valve and type B branched off from cells in the middle node. The shape of the action potential of AV nodal cells strongly depended on the direction of propagation. In some parts of the AV node, the amplitude of the action potential was larger during antegrade activation than it was during retrograde activation; in other parts, the amplitude was smaller during antegrade conduction. The largest amplitudes occurred when wave fronts collided.
B The spread of excitation through the atrioventricular (AV) node is not completely understood. Mapping experiments with single microelectrodes have been carried out, but no complete picture has developed because the number of successful impalements in a single experiment has been limited. Recently, extensive mapping experiments with extracellular electrodes have been described by Spach et al.
The aim of the present study was to map in detail the spread of excitation through the AV node with intracellular electrodes. A brush electrode consisting of ten microelectrodes enabled us to record intracellular action potentials simultaneously in several AV nodal fibers, and made it possible to impale some 200 fibers during the course of one experiment. Also, some characteristics of the transmembrane potentials were studied during antegrade and retrograde conduction. ring, and a small piece of the interventricular septum, was placed in a tissue bath perfused with modified Tyrode's solution as described earlier (2) . Temperature was 37.0 ± 0.5°C, and pH was 7.35 ± 0.05.
Small bipolar axtracellular electrodes were placed on the crista terminalis (one pair for stimulating, one pair for recording) and on the interatrial septum (for stimulating), and a small four-point electrode was placed on the His bundle (one pair for stimulating, one pair for recording). For recording transmembrane potentials, a brush electrode was used: this electrode consisted of ten microelectrodes glued together so that their tips were in one plane and within a surface area of about 0 . 5 x 2 mm (3). Ten separate highimpedance capacity-compensated amplifiers were used, and the outputs of the amplifiers were directly connected to the first 10 channels of an Ampex FR 1300 recorder. Vertical outputs of the amplifiers of a Tektronix 502 oscilloscope were connected to the Ampex FM inputs for recording the atrial and the His bundle electrograms. Marker pulses from a stimulator 1 were led to a separate Ampex channel to record the stimulation pattern. Recordings were made at a tape speed of 15 inches/sec. For time measurements, the tapes were played back at a speed of IS inches/sec, and the complexes were written on an Elema 16-channel inkwriter at 120 mm/sec, allowing for a time resolution of 1 msec. The stimulator was used to deliver rectangular current pulses 1 or 2 msec in duration, with a strength of twice threshold. In general, transmembrane action potentials of the AV nodal area were recorded during spontaneous sinus rhythm and during regular stimulation of the atrium from the crista terminalis, the interatrial septum, and the His bundle. In several experiments, more complicated stimulation patterns were used: they are described in detail in the Results section of this paper.
Micromanipulators (Brinkman RP 4) were used to position the extracellular electrodes used for recording from and stimulating the atrium and the His bundle. To maneuver the microelectrode brush, a more stable micromanipulator was assembled from rectangularly mounted microdisplacemerit units (Microcontrole). The heart preparation was mounted so that the attachment of the AV valve was parallel to one of the horizontal axes of the micromanipulator holding the microelectrode brush. The microelectrode brush could thus be moved along a line parallel to the attachment of the valve, and impalements were made at regular distances of 1 mm. Usually, lr The stimulator was developed in the Laboratory of Medical Physics, University of Amsterdam.
Ciradsii<M Risttrcb, Vol. XXXI, Oaobir 1972 impalements were made on 3-4 of these parallel lines, separated by 0.5 mm, and recordings were made at 20-30 positions in the course of one experiment. Generally, it was impossible to get acceptable intracellular recordings from all ten microelectrodes simultaneously. However, simultaneous recordings from two to eight of the microelectrodes could frequently be obtained.
At the end of an experiment, photographs of the preparation were made through a dissecting microscope at a magnification of 25 or 40 times with the microelectrode brush in two different positions. Enlarged drawings were made of the preparation from these photographs, and all impalement positions were represented on these drawings. To measure precisely the distances between the ten microelectrode tips, the tips were dipped in molten beeswax at the end of the experiment. After solidification of the wax, the microelectrode brush was withdrawn, and the impressions of the ten tips were photographed through the dissecting microscope. At the appropriate scale, a plastic sheet was made in which ten holes were drilled corresponding to each of the microelectrode tips. By placing this sheet on the enlarged drawing of the preparation, the exact location of each of the tips at each impalement site was obtained, and activation moments could be entered on the drawing.
The maps provided only a two-dimensional projection of the actual spread of excitation through the AV node. It is a well-known fact that, at a given location, superficial cells may be excited earlier than deeper cells during antegrade activation and vice versa during retrograde activation. Since in our experiments the microelectrode brush was used to penetrate the tissue only once at any one location, superficial cells were encountered first and deeper cells later. In this way, a distinction could sometimes be made between the activation moments of superficial and deeper cells. Because the tips of the microelectrodes were in one plane and the surface of the AV nodal region was not, the microelectrodes penetrated to different depths during a recording. Therefore, a three-dimensional picture of the spread of excitation could not be constructed with any degree of accuracy.
Mounting the preparation so that the coronary sinus region was accessible to the microelectrode brush presented several problems. The preparation had to be pinned down to prevent excessive movement caused by the contraction of the atrial tissue. This pinning inevitably resulted in stretching of certain areas of the preparation, but care was taken not to stretch the coronary sinus area.
In the experiments to be described, conduction times between the atrium and the His bundle and vice versa were within normal limits and remained constant. In initial experiments, when too much tension was applied to the AV nodal area, prolonged conduction times or conduction block immediately resulted. However, we could not be certain about the functional integrity of the preparation as a whole; we did not know the exact location of the atrial pacemaker during spontaneous rhythm. Also, in some cases, local conduction block in the atrium occurred. Another problem was that the number of surface electrodes in the vicinity of the AV node had to be limited to maintain maneuverability of the microelectrode brush. For this reason, no atrial recording electrode was placed on the interatria] septum. The experiments did not last more than 3 hours, since after that period AV conduction generally deteriorated. During the 3-hour period, variations in AV conduction times did occur, but there was no apparent trend to progressively longer conduction times as time progressed. In a typical experiment, the average AV conduction time was 100 ± 7 (SD) msec. Throughout the course of an experiment, stimulation rates remained constant, and had a basic cycle length of approximately 300-350 msec. The activation moment of an AV nodal cell was arbitrarily chosen to coincide with the moment when the upstroke of the action potential was at 50% of its amplitude. Even if the recorded action potential had a subnormal amplitude, this point could easily be determined. Also, comparison of values found for action potentials with a normal amplitude and for the same action potentials when the microelectrode had partially left the cell, resulting in a smaller amplitude, showed that this criterion was reliable. Activation moments thus determined were not influenced by changes in amplitude.
Results
A representative map is shown in Figure 1 ; the sequence of excitation was mapped during regular stimulation of the atrium at the crista terminalis, the interatrial septum, and the His bundle. The activation moments of individual fibers were normalized in the following way. During stimulation at the crista terminalis, the time interval between the occurrence of the atrial surface electrogram and the His bundle electrogram was taken as 100, and the activation moments of AV nodal fibers were expressed as a percent of this time interval. Care was taken to locate the recording electrode on the crista terminalis between the stimulating electrode on the crista terminalis and the entrance of the AV node. During Maps of spread of activation through the AV node during stimulation at the crista terminalis (a), the interatrial septum (b), and the His bundle (c). Activation times are expressed as percents of total conduction times from atrium to His bundle or from His bundle to atrium. CS = coronary sinus, A W = tricuspid valve, CT = recording electrode on crista terminalis, IAS = stimulating electrode on interatrial septum, H = recording and stimulating electrode on His bundle, sup. = superior, inf. = inferior, ant. = anterior, and post. = posterior. stimulation at the interatrial septum, activation moments were expressed as a percent of the time interval between the moment of stimulation and the moment of activation of the His bundle, because we were unable to position an extracellular recording electrode on the interatrial septum between the stimulating electrode and the entrance of the AV node without interfering with the maneuverability of the microelectrode brush. During stimulation at the His bundle, activation moments were expressed as a percent of the interval between the moment of stimulation and the occurrence of the electrogram on the crista terminalis. This procedure was necessary because the His bundle spike was generally drowned in the stimulus artifact. In the rare instances when the stimulus artifact and the His bundle electrogram could be distinguished, the time interval between the two was only a few mseconds. Moreover, when intracellular recordings from cells of the His bundle were obtained, the time interval between the stimulus artifact and the upstroke of the action potential was also only a few milliseconds. This normalization circumvented two difficulties. First, minor variations in conduction time between the atrium and the His bundle and between the His bundle and the atrium in the course of an experiment were to a certain extent eliminated. Second, comparison of different experiments was facilitated. In the eight experiments in which a large number of intracellular action potentials was recorded and in which conduction times showed only minor variations, the actual conduction times were approximately 90-130 msec. Generally, retrograde conduction times were slightly longer than were antegrade conduction times. Figure la shows the sequence of activation of the AV nodal region during regular stimulation at the crista terminalis. The construction of isochrones, which might have clarified this picture, was impossible, because at one location superficial cells were activated earlier than were deeper cells. Nevertheless, it can easily be seen that (1) activation spread rapidly from the crista terminalis along the CircuUiion Rtiurcb, Vol. XXXI, Octobtr 1972 upper region of the floor of the coronary sinus, (2) an anterior, inferior region was activated almost simultaneously with the His bundle, (3) posteriorly and inferiorly there were fibers which were activated late (This is even more apparent in Fig. lb where these cells, which were located far from the His bundle, were excited simultaneously with the His bundle.), and (4) anteriorly, close to the extracellular electrode on the His bundle, two types of fibers were found lying close together. One type was activated very early and the action potentials were similar to those of atrial cells, but the other type was activated simultaneously with the His bundle and the action potential configuration was that of cells transitional between lower node and His bundle (NH cells). The actual spread of excitation in what might be called the middle-node was difficult to estimate. Generally speaking, the spread of excitation moved from superior to 
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Comparison of AV nodal excitation patterns during spontaneous rhythm and during stimulation at the crista terminalis or the interatrial septum. Abscissa = activation moment of AV nodal cells as percent of total conduction time from the atrium to the His bundle during spontaneous rhythm. Ordinate = activation moment of the same AV nodal cells during stimulation at the crista terminalis (circles) or the interatrial septum (crosses). See text for discussion. van CAPELLE, JANSE, VARGHESE, FREUD, MATER, OURRER
inferior and from the surface to deeper layers. It is, however, not possible to state whether a certain deep fiber was excited by more superficial elements at approximately the same location or by deep elements located more superiorly. For the sequence of activation during stimulation at the interatrial septum depicted in Figure lb , the same general comments hold, except that, of course, the superior part of the coronary sinus region was excited in an opposite direction. During stimulation at the His bundle ( Fig. lc) , the anterior, inferior region, which was activated late during stimulation of the atrium at both sites ( Fig. la, b ), was activated early and almost simultaneously. In the middle-node, the sequence of excitation was about the reverse of that during antegrade activation in that deeper cells were activated earlier than were superficial cells and fibers located inferiorly were activated earlier than were fibers at the superior aspect. Notably, during retrograde spread of activation, the area bordering the atrium close to the interatrial septum (anterior and superior) was activated earlier than was the region close to the crista terminalis (posterior and superior). This finding confirms the findings of Spach et al.
The pattern of AV nodal excitation during spontaneous rhythm was compared with the excitation pattern during stimulation of the atrium in the following way. Activation moments of AV nodal fibers during spontaneous rhythm were normalized by expressing them as a percent of the time difference between the atrial complex (recorded at or near the crista terminalis) and the His bundle complex. These values were plotted on the abscissa (Fig. 2) . The normalized activation moments during stimulation at the crista terminalis (circles) and at the interatrial septum (crosses) were plotted on the ordinate. The circles fell on a 45° line, indicating the similarity in spread of excitation during spontaneous rhythm and stimulation at the crista terminalis. During stimulation at the interatrial septum, the cells which were activated early could be divided into two groups. One group was activated earlier during stimulation at the septum than it was during spontaneous rhythm (crosses below the 45° line). These cells were located anteriorly and superiorly and were close to the stimulating electrode on the interatrial septum. The other group was activated later than it was during spontaneous rhythm; these cells were located more posteriorly. Also, the moments of excitation of cells activated later tended to merge with the moments of excitation during spontaneous rhythm, indicating that in the distal AV node the pattern of excitation was similar for all three types of antegrade activation. Similar plots made using the data from other experiments gave identical results. These results are in agreement with earlier findings (4).
Thus, we concluded that the spread of excitation during spontaneous rhythm was identical to the spread of excitation during stimulation at the crista terminalis. This finding might indicate that the crista terminalis was the main input to the AV node during normal sinus rhythm. However, we are not certain whether during the spontaneous rhythm in our experiments the atrial pacemaker was located at the sinus node. Because of manipulation of the preparation and stretch of the sinus nodal area, a pacemaker shift might have occurred, possibly in the direction of the crista terminalis.
When comparisons were made between the patterns of AV nodal excitation during antegrade and retrograde activation, an interesting phenomenon was found. In the experiment depicted in Figure 3 , there was only one stimulating electrode on the atrium high on the crista terminalis. The extracellular recording electrode was located slightly lower on the crista terminalis. Apparently, there was a local intraatrial conduction block low in the posterior crista terminalis, because, as the moments of excitation of the AV nodal fibers were mapped, it appeared that the atrial input into the AV node occurred exclusively via the interatrial septum ( Fig. 3a lc). In Figure 4 , the normalized activation moments during antegrade conduction and retrograde conduction are plotted on the abscissa and ordinate, respectively. If the retrograde spread of excitation was the exact mirror image of the antegrade spread, all the points would lie on a -45° line. For example, a cell, which during antegrade activation was excited at 30* of the total atrium to His bundle conduction time, would be expected to be excited at 70% of the total His bundle to atrium conduction time during retrograde activation. Indeed, many points did fit the -45°l ine rather closely. There were, however, many points which were located to the right of this line, indicating that many AV nodal cells were activated later than expected during both antegrade and retrograde activation. For example, there were many cells, which during antegrade activation were excited later than the His bundle (these cells are indicated by asterisks in Fig. 3a ). It is tempting to suggest that these cells might belong to dead-end pathways branching off from the main pathway transmitting the impulses from the atrium to the His bundle and vice versa.
PREMATURE EXCITATION OF THE HIS BUNDLE
To determine whether the concept of dead-end pathways held, a stimulation pattern schematically depicted in Figure 5a was used. First the atrium was stimulated at a basic interval of 350 msec. After ten beats, the His bundle was prematurely excited: the first stimulus to the His bundle was given 110 msec after the atrial stimulus. In other words, the atrial wave front had propagated practically through the whole AV node before the His bundle was stimulated. The resulting collision between antegrade and retrograde octtvotton lime ffltrogrooB %W0.
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FIGURE 4
Same experiment as that in Figure 3 wave fronts therefore took place at a level close to the His bundle. The second His bundle stimulus was given 100 msec after the next atrial stimulus. Consequently, it was 10 msec earlier with respect to the basic atrial stimulus, and the level of collision moved slightly towards the atrial side of the node. For clarity in Figure 5a , only 5 combinations axe depicted. In reality, 21 combinations of atrial and His bundle stimuli were applied, the His bundle stimulus being given earlier and earlier in decrements of 10 msec, until the collision of both wave fronts took place at or near the atrium. Then the atrial stimulation was stopped and the His bundle stimulation continued for several beats, permitting measurement of retrograde conduction times. The frequency of the retrograde impulses was slightly higher than that of the antegrade stimuli, the difference in cycle length being 10 msec. However, the rates used (cycle length 340 and 350 msec, respectively) were far lower than the maximum rate permitting one to one conduction. Conceivably, slight changes in refractory period may have occurred due to the slight change in rate; retrograde and antegrade conduction times, however, were of the same order of magnitude. A given cell within the AV node was excited first exclusively by the antegrade wave front until, at some combination of atrial and His bundle stimuli, both wave fronts collided at the level of the cell (or very near it). For all subsequent combinations of stimuli, the cell was exclusively excited by the retrograde wave front. Examination of the intervals between successive action potentials should confirm this sequence of events: the interval was identical either to the stimulus interval at the atrium or to the stimulus interval at the His bundle, which was 10 msec shorter. In this way, the combination of stimuli at which the cell switched from antegrade to retrograde excitation could be determined for each AV nodal cell. For convenience, the successive combinations of stimuli were called levels (levels of collision) and were numbered 1-21. Cells close to the His bundle were associated with a low collision level (e.g., 2 or 3), and cells in the middle node had a collision level around 10 or 11.
IDENTIFICATION OF DEAD-END PATHWAYS
Fibers which are part of a dead-end pathway must, regardless of their moment of excitation, all switch at the same collision level from antegrade to retrograde activation. Moreover, the sequence of activation in these fibers must be the same during both antegrade and retrograde activation, as is evident from the time relations in Figure 4 . This phenomenon is schematically illustrated in Figure 5b and c. When the collision levels of all AV nodal fibers from the experiment of Figure 3 were determined, it appeared that it was possible to distinguish between four different dead-end pathways (Fig. 6a ). One group of fibers switched from the antegrade to the retrograde mode of activation at collision levels 6-7 (represented by solid circles in Fig.   Circulation Research, Vol. XXXI, Octobtr 1972 6), another group switched at levels 9-10 (open circles), a third group at level 12 (triangles), and a fourth group at level 14 (crosses). For clarity, fibers with other collision levels, being part of the main conduction pathway and lying at or close to the -45° line, were not included in Figure 6a . As expected, low collision levels were associated with cells which during antegrade conduction were activated close to 100% and high collision levels with cells activated close to 20$. Since a: Activation moments during antegrade and retrograde conduction in fibers belonging to dead-end pathways.
(Same experiment as in Fig. 3 
.) Different symbols indicate different collision levels at which the fibers switched from antegrade to retrograde mode of activation. See text for discussion, b:
Map of the experiment of Figure 3 showing the position of the fibers belonging to the four different dead-end pathways. Symbols are the same as in Figure 6a . Inserts show schematically the main wave fronts and the dead-end wave fronts. CS = coronary sinus, H = His bundle, CT = crista terminalis; and A W = tricuspid valve.
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the location of the fibers belonging to the different pathways was known, a separation between dead-end pathways and main conduction pathways could be made. Figure 6b shows the location of the cells belonging to each of the four dead-end pathways, as identified by their collision levels. Fibers which belong to the main pathway and have activation moments close to the -45° line at the same collision levels as the fibers in the dead-end pathway are, of course, included. Schematically, the spread of activation during antegrade and retrograde conduction can be depicted as in the inserts of Figure 6b . This sequence pertained to a preparation in which the input to the AV node occurred exclusively via the interatrial septum. It could be argued that this single input was a factor contributing to the establishment of dead-end pathways. However, in preparations in which no conduction block in either crista terminalis or interatrial septum was present, the existence of dead-end pathways could also be proved. In three of these preparations, two pathways were found, in the fourth, only one. In Table  1 , the activation times of the cells belonging to both types of dead-end pathways are summarized. We labeled the pathway emerging from cells activated early by antegrade conduction type A; the pathway emerging from cells activated later was called type B. The direction of conduction in both pathways was from posterior and superior to anterior and inferior. Pathway A, however, was always localized more posteriorly than was pathway B (Fig. 7) . In two experiments, enough data were obtained to compare the modes of antegrade conduction during stimulation at the crista terminalis and at the interatrial septum. It appeared that the dead-end pathways were present during both situations and involved the same fibers. Thus, we concluded that the dead-end pathways were anatomically defined.
INFLUENCE OF COLLISION OF WAVE FRONTS ON ACTION POTENTIAL CONFIGURATION
The action potential of an AV nodal cell is to a large extent influenced by the events in its immediate surroundings (5) . For instance, the action potential is shortened considerably when conduction block occurs just distal to the impaled cell (6) , and notches in the upstroke can result from excitation of a neighboring cell (7, 8) . Therefore, we expected that the action potential of a given cell still excited by the antegrade wave front would be influenced by a collision taking place further downstream. To investigate this possibility, we superimposed subsequent action potentials, using as a time reference the moment of stimulation of either the atrium or the His bundle. In Figure 8b , the trigger moment was the atrial stimulus artifact, and the superimposed action potentials of two nodal fibers are shown for successive combinations of atrial and His bundle stimuli (successive levels). In the top of Figure 8b , the action potentials belonging to levels 1-12 were completely superimposable, indicating that the cell was exclusively influenced by the antegrade wave front. At levels 13, 14, and 15, rapid upstroke was still locked to the atrial stimulus, but amplitude increased and repolarization was completed earlier. At levels 16 and 17 the upstroke of the action potential moved to the left in steps of 10 msec, indicating that the cell was excited by the retrograde wave front However, the shape of the action potential continued to change until level 18. This phenomenon can clearly be seen in Figure 8c , where the same action potentials are depicted triggered on the stimulus to the His bundle. In the top of Figure 8c , action potentials 18 and 19 were completely superimposable, but action potential 17 was different in shape. Thus the nodal cell was completely under the influence of the antegrade wave front (until level 12), but it was affected by the premature excitation of the His bundle when the stimulus to the His bundle was given simultaneously with the atrial stimulus (level 12). Premature excitation of the His bundle had to be applied 60 msec earlier than the atrial stimulus (level 18) before the nodal cell was completely under the influence of the retrograde wave front. In the bottom of Figure 8b , the shape of the action potential started to change at level 11, and a stable shape was reached at level 18. For this cell, therefore, premature excitation of the His bundle had to shift 80 msec before the cell was completely dominated by the retrograde wave front. The number of transitional action potentials wedged between purely antegrade and purely retrograde action potentials at a certain site is related to the conduction velocity and the space constant. A low conduction velocity would result in a decrease in the spatial distance of the collision levels. Thus, for a given space constant, a large number of transitional action potentials would point to a low conduction velocity. It was apparent in our experiments that, close to the His bundle, the number of transitional action potentials was low (1 or 2) and that at the atrial margin smaller numbers (2 to 4) were found than occurred in the middle node.
INFLUENCE OF DIRECTION OF PROPAGATION AND COLLISION OF WAVE FRONTS ON ACTION POTENTIAL CONFIGURATION
The configuration of many of the AV nodal action potentials was strongly dependent on the direction of activation. In Figure 8 , the amplitude is larger during retrograde activation than it is during antegrade activation. However, the action potential had the largest amplitude when the wave fronts from atrium and His bundle reached the AV nodal cell Circulation Resetrcb, Vol. XXXI. Oclobtr 1972 simultaneously (Fig. 8b, level 16 ). During propagation of an action potential, excitatory intracellular current flows from areas which are already depolarized to areas not yet depolarized. This current can be called axial current, since it flows through the intracellular compartment. The axial current is due to the potential gradient associated with the propagating action potential. This gradient is largest at the site where the fast upstroke is passing; therefore, the axial current is larger at that site than at the sites where the foot or the top of the upstroke of the action potential is passing. The total transmembrane current at a certain site is equal to the first derivative of the axial current at that site and proportional to the second derivative of the transmembrane potential. Total transmembrane current consists of a capacitive component and an ionic component. If the membrane is at uniform potential over a large segment (spaceclamped action potential), no propagation occurs, no axial current exists, the ionic transmembrane current is equal to but opposite in sign from the capacitive current, and total transmembrane current is zero. When propagation occurs, the axial current has to be supplied by the depolarizing membrane. The resulting transmembrane inward current causes a voltage drop across the membrane, thereby decreasing the transmembrane potential by a certain amount. At the point of collision, no axial current can flow in either the antegrade or the retrograde direction, since the potential gradient at this site vanishes. In this sense, the situation is comparable to the space-clamped action potential. The difference between the maximum action potential amplitude during collision of two impulses and during unidirectional propagation reflects the distortion of the time course of the action potential by its propagation. As is apparent from Figure 8 , this difference may be considerable for AV nodal cells. It should be kept in mind, however, that during unidirectional propagation and during collision of two wave fronts, cable properties of the fiber need not be identical. Furthermore, during collision inactivation may be less than it is during unidirectional propagation. These factors may also affect the shape of the action potential. The amount of excitatory current flowing downstream during propagation is not necessarily the same for antegrade and retrograde conduction. This difference may be due to geometrical factors such as branching of cell strands. If there is a divergent branching downstream from the impaled cell, the impaled unit has to supply more excitatory current than it does in the case of propagation in the opposite direction. Figure 9 indicates the position of fibers whose action potential amplitudes could be determined with certainty during retrograde and antegrade conduction. The results of four other experiments agreed closely with this one. The number of fibers for which such a map could be made was limited, because the amplitudes had to be within normal limits (i.e., larger than 50 mv) and the resting potential had to remain stable throughout the recording. Although for these reasons a complete picture could not be obtained, several facts presented themselves. Fibers which had a larger amplitude during antegrade conduction than they had during retrograde conduction (solid circles) were found over a large area including the region close to the His bundle. In these areas, there is probably a fiber structure converging towards the His bundle. The cells which had larger action potentials during retrograde conduction were found mainly at the atrial input sites, judging from their location and their activation moments (open circles). In this region, therefore, a fiber arrangement diverging from the atrium to the His bundle probably exists.
Interestingly, this finding is in agreement with the model of anatomical relations by Hoffman and Cranefield (9, p 160) : according to the model, there is a divergence of fibers at the junction of atrial and nodal fibers and a convergence of fibers at the level of the lower node.
Discussion
The results of our mapping experiments differed from those reported earlier (1, 10, 11) in one important aspect only, namely, in the existence of dead-end pathways. The isolated areas of excitation found by Spach et al. (1) in the AV nodes of rabbit and puppy hearts, which were localized to the AV ring, may be similar to our B type of dead-end pathway. In this pathway, we found action potential configurations known as N type (10) . Dead-end pathways of the A type, which branched off from cells which were activated early, probably consisted of atrial cells lying superficially and running into the AV ring. The shape of the action potentials was the same as that for atrial fibers.
De Felice and Challice (12) described "overlay cells," which terminated in the region of the fibrous annulus and made contact with the cells immediately beneath them only intermittently. They suggested that "this tissue may be functionally distinct from the cells which form a continuous path through the AV nodal region and therefore does not contribute materially to the conduction of the electrical impulse from the atrial to the ventricular myocardium." Spach et al. (1) also described an overlap of superficial atrial and deeper nodal fibers. The fact that in our experiments the dead-end pathways consisted of the same fibers regardless of the location of the pacemaker (crista terminalis, interatrial septum, or His bundle) suggests that the pathways were distinct anatomical entities. The possibility that the dead-end pathways were an artifact related to inadequacies in perfusion or dissection of the preparation cannot be totally excluded at the moment. However, in view of the constancy of conduction times through the AV node in our preparations and the relative constancy of the location of the dead-end pathways, this possibility seems unlikely to us. James (13) described a bypass tract in the human AV node, which terminated at the base of the tricuspid valve. Similar bypass tracts were also seen by him in the rabbit (14) . This bypass tract may well be identical to our dead-end pathway of the A type. A correlation between the electrophysiological data and the anatomical structure of the AV node is hazardous, but a few other points may be noted. The finding that superficial fibers were activated earlier during antegrade conduction than were deeper fibers is in agreement with electrophysiological studies of others (1) as well as with anatomical findings (14, 12) . Our observation that a fairly large anterior, inferior area was activated nearly synchronously and nearly simultaneously with the His bundle suggests a bundlelike structure. The location of this area agreed closely with the location of the intranodal tract of lower nodal cells described by Anderson (15) . This tract consisted of a "bundle of cells continuous with the atrioventricular bundle which extends throughout the length of the node, with both transitional and upper nodal cells merging with it along its length." In this region an NH type of action potential was found by De Felice and Challice (12) , who called the area regions "c and d," and who were, however, unable to differentiate between a typical NH and N area. Anderson (15) , on the other hand, located upper nodal cells, which he believed to be of the N type, immediately above the intranodal tract of lower nodal cells. In this region, we found cells in the deeper layers which were activated at about 60$ of AV nodal conduction time during antegrade conduction with action potentials of the N type of configuration. Since these cells were not part of dead-end pathways, we believe they form an essential link in the conduction pathway between atrium and ventricle in the sense that they provide the input to the intranodal tract of the lower nodal cells.
The functional significance of the dead-end pathways is unclear to us. The fact that they are dead end seems to exclude the pathways as candidates for reentrant pathways. However, lateral connections with other areas of the node may exist which might give the pathways a role in reentrant arrhythmias. On occasion, in recording from cells in dead-end pathways humps in the action potentials were seen which apparently were caused by activity elsewhere. For instance, during antegrade conduction the hump would be at the foot of the action potential and during retrograde conduction at the repolarization phase; moreover the collision level of the hump was totally different from the collision level of the action potential. The exact nature of this type of interaction is unclear to us. James (14) described three different routes to the AV node in the rabbit heart: the anterior, middle, and posterior internodal tracts. Although from our results it can be concluded that the main input to the AV node occurred via the crista terminalis (posterior internodal tract) because the pattern of AV nodal excitation during spontaneous rhythm was identical to that during stimulation at the crista terminalis, it should be recognized that in our experiments there was some uncertainty about the location of the functional pacemaker. Spach et al. (1) concluded that the AV nodes of both rabbit and puppy hearts had a dual input, one from a posterior direction (our crista terminalis) and one from the lower septum (our interatrial septum). From their illustrations, it would seem that the most important of the two inputs was the crista terminalis. Sano and Yamagishi (16) wrote, "it was through the pathway which corresponds to the posterior internodal tract of the human heart that the sinus impulse reached the AV node earliest in most of the rabbits." From the experiments of Goodman et al. (17) on dog hearts, it appeared that the input to the AV nodal area was influenced by the site of the pacemaker. If the functional pacemaker is located low on the posterior crista terminalis, the input of the coronary sinus region would be predominantly via the crista terminalis. When the pacemaker is located higher, a dual input would become more apparent. In this study, the crista terminalis emerged as the most constant pathway along which activation starting in or near the sinus node reached the AV node. Our present opinion is that the main input into the AV node during the normal sinus rhythm occurs over the crista terminalis (posterior internodal tract) and that a minor contribution occurs via the interatrial septum. Changes in the position of the functional pacemaker could result in shifts in the contribution of the two inputs. Our results concerning retrograde conduction agreed with those of Spach et al. (1) in that the major output from the retrograde wave front was located anteriorly so that the main exit route was the interatrial septum (anterior internodal tract). In this respect, we also agreed with Kanno (18) , who stated that the sequence of excitation during retrograde conduction was not the exact mirror image of the sequence during antegrade excitation. Our present results confirmed earlier findings that the shape of the action potential was dependent on the direction of impulse propagation (4). Furthermore, the occurrence of collisions in the neighborhood of the impaled unit can influence the action potential. For Purkinje fibers, a similar observation has been made by Spach et al. (19) . They found, however, that the extracellular complex was far more sensitive to the effects of collision than was the intracellularly recorded action potential, which only showed an increase in the slope of the upstroke and a shorter time constant at the foot. In AV nodal cells, the effects of collision on the intracellularly recorded action potential seemed to be far more prominent. In particular, the enhancement of the amplitude during collision was of interest, because it demonstrated that the membrane could be driven further towards the equilibrium potential than it was during normal conduction of an impulse. We speculatively interpreted this lower amplitude during conduction as being a consequence of the supply of excitatory axial current by the membrane. The prominence of the effect in AV nodal cells may be related to the low margin of safety compared with the more cablelike Purkinje strands.
In our view, the effects not only of collision but also of direction of propagation on the slope and the amplitude of the upstroke of AV nodal action potentials make it hazardous to correlate intrinsic membrane properties with action potential configuration. This point is illustrated in Figure 10 , which may be compared with Figure 3g of the paper by Paes de Carvalho et al. (20) . These authors used the phase-plane display, in which the first time derivative of the membrane potential is plotted against the membrane potential. Inflections in the descending limb of the phaseplane display were interpreted as resulting from the coexistence of two different electrogenie mechanisms, so-called fast and slow components of the depolarization phase. As can be seen from our Figure 10 , these inflections may be related to the mode of activation of the AV node (antegrade or retrograde). Interactions with adjacent fibers may play a dominant role in determining the shape of the action potential. A separation of these factors from intrinsic ionic mechanisms is difficult to make, the more so because the effects of propagation may alter the degree of activation and inactivation of fast and slow components. In our view, interpretations of the shape of the action potential solely in terms of intrinsic ionic mechanisms should be made with caution.
